Rare earth (RE) doped gallium oxide and germanium oxide micro-and nanostructures, mostly nanowires, have been obtained and their morphological and optical properties have been characterized. Undoped oxide micro-and nanostructures were grown by a thermal evaporation method and were subsequently doped with gadolinium or europium ions by ion implantation. No significant changes in the morphologies of the nanostructures were observed after ion implantation and thermal annealing. The luminescence emission properties have been studied with cathodoluminescence (CL) in a scanning electron microscope (SEM). Both β-Ga 2 O 3 and GeO 2 structures implanted with Eu show the characteristic red luminescence peak centered at around 610 nm, due to the 5 D 0 -7 F 2 Eu 3+ intraionic transition. Sharpening of the luminescence peaks after thermal annealing is observed in Eu implanted β-Ga 2 O 3 , which is assigned to the lattice recovery. Gd 3+ as-implanted samples do not show rare earth related luminescence. After annealing, optical activation of Gd 3+ is obtained in both matrices and a sharp ultraviolet peak centered at around 315 nm, associated with the Gd 3+ 6 P 7/2 -8 S 7/2 intraionic transition, is observed. The influence of the Gd ion implantation and the annealing temperature on the gallium oxide broad intrinsic defect band has been analyzed.
Introduction
Semiconductor nanowires are emerging as novel building blocks in future nanodevices [1, 2] . In recent years, a large amount of work has been devoted to the control and study of nanostructures of several groups of semiconducting materials, from silicon to oxides. One of the main goals is to exploit the high potential of semiconductor nanowires. One way is the control of doping processes leading to feasible electronic and optoelectronic devices [3, 4] . Semiconductor nanowires are difficult to dope by diffusion methods because they usually exhibit very high crystal quality, which leaves no place for foreign atoms, and also due to impurity out-diffusion processes during growth [5, 6] . Ion implantation is routinely used to dope thin layers of semiconductors with a high control of the dopant concentration and penetration depth with the objective of achieving p-or n-type doping or of modifying their luminescence properties [7, 8] . However, this approach
has not yet been much explored in semiconductor nanowires and only a few works related to doping by ion implantation of nanowires have been published, e.g, [3, 6, 9] . In these works, doping was focused toward electronic functionality of silicon nanowires. However, other outstanding and emergent applications of semiconductor nanostructures are their tunable luminescence properties as a function of doping [4, 10, 11] . In particular, rare earth (RE) ions, such as Er 3+ , have been widely investigated in silicon nanocrystals [12, 13] , but the study of luminescence from RE ions hosted in nanowires is still under research [4, 11, 14] .
Both GeO 2 and β-Ga 2 O 3 belong to the family of the transparent conductive oxides (TCO). They have band gaps of almost 5 eV and are therefore transparent in the infrared (IR), visible and ultraviolet (UV), down to about 260 nm. There is a strong interest in these materials for optoelectronic applications in the UV-visible range.
Gadolinium and europium present efficient luminescence lines in the ultraviolet and red ranges, respectively. While the Eu 3+ luminescence has been quite extensively studied in different hosts, including nanostructures [7, 11, 14, 15] , Gd 3+ has only been studied in bulk wide band gap materials [16] [17] [18] [19] [20] [21] .
In this work, we have doped semiconductor oxide (GeO 2 and β-Ga 2 O 3 ) micro-and nanostructures with rare earth ions (Eu 3+ , Gd 3+ ) by ion implantation in order to get efficient UV and visible light emission, even at room temperature. The luminescence properties have been studied by cathodoluminescence (CL) in a scanning electron microscope (SEM), which enabled us to discuss the obtained results in the light of the relationship between intrinsic defects and the recovery of crystal quality after the implantation damage.
Experimental details
Undoped gallium oxide nanostructures have been obtained by a vapor-solid growth mechanism from metallic gallium in a tube furnace, as explained elsewhere [14] . The substrate was a gallium oxide pellet and no catalyst was used. GeO 2 nanostructures were grown from Ge powder with 99.999% purity as starting material by thermal treatment at 600
• C under argon flow for 6 h. After the growth process, some of the structures were placed on silicon or graphite substrates. Ion implantation was performed with either europium or gadolinium ions with an energy of 150 or 300 keV and fluences in the range 10 14 -10 16 cm −2 . In order to obtain crystal recovery after implantation, thermal annealing of the implanted samples was performed at temperatures in the range 500-1100
• C for β-Ga 2 O 3 and in the range 100-500
• C for GeO 2 . A Leica Stereoscan 440 SEM was used for morphological characterization. Rutherford backscattering spectroscopy (RBS) measurements were performed with a 1 mm diameter collimated beam of 2 MeV He + ions. The backscattered particles were detected at a scattering angle of 140
• , using a silicon surface barrier detector with a resolution of 13 keV. CL measurements were performed within the above mentioned Leica system or in a Hitachi S2500 SEM. CL spectra were recorded with a Hamamatsu PMA-11 charge coupling device camera. Figure 1 shows representative SEM images of RE implanted and subsequently annealed micro-and nanostructures of GeO 2 and Ga 2 O 3 . Figure 1(a) shows GeO 2 nano-and microwires implanted with Eu with a fluence of 10 16 cm −2 at 300 keV and annealed at 500
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• C on graphite. The widths of the structures range from a few hundred nanometers to a few microns and the lengths up to several tens of microns. Figure 1 Figure 2 shows RBS spectra from the GeO 2 (figure 2(a)) and β-Ga 2 O 3 (figure 2(b)) structures on graphite before and after implantation of Eu with a 10 16 cm −2 fluence and a 300 keV energy. A clear signal related to the Eu can be observed in the implanted samples. However, implantation was performed at the same time in the structures and the graphite substrate, so that the rare earth signal comes from the ions in both hosts and further analysis on the penetration depth of europium in the nanostructures cannot be performed. RBS spectra from the Gd implanted samples (not shown) present a similar behavior, with a clear signal related to the rare earth.
Figures 3(a) and (b) show the CL spectra acquired at 100 K and RT, respectively, from europium implanted GeO 2 structures with a fluence of 10 16 cm −2 and energy of 300 keV after annealing at 500
• C. A sharp peak centered at around 610 nm, related to the 5 D 0 -7 F 2 Eu 3+ intraionic transition, is clearly observed at room temperature, while it is very weakly observed at low temperature, because of the very intense intrinsic defect related band. On the other hand, figure 3(c) shows the CL spectrum before annealing, in which the Eu 3+ luminescence peak is also observed. It is worth mentioning that the Eu 3+ luminescence in implanted GeO 2 nanostructures is much more intense than the luminescence due to Eu incorporation by thermal diffusion in GeO 2 nanowires [11] . In the previous work [11] , Eu emission was scarcely detected at room temperature in the slope of the broad defect band, while a narrow line is clearly observed in the current Eu implanted samples. Figure 4 (a) shows the normalized CL spectra from Eu implanted (5 × 10 15 cm −2 , 150 keV) β-Ga 2 O 3 microstructures. The spectra are acquired before (top spectrum) and after (bottom) annealing at 1100
• C. As in the case of GeO 2 , efficient red luminescence emission is observed even before the thermal treatment. In the case of Ga 2 O 3 matrix, asimplanted samples show wider peaks related to the 5 D 0 -7 F J Eu 3+ intraionic transitions than in annealed samples. Moreover, the peak maximum, around 610 nm, is slightly shifted to longer wavelengths in as-implanted samples.
We have performed, for comparison, similar measurements in a polycrystalline pellet that was implanted with Eu and annealed under the same conditions as the structures. The spectra from the as-implanted (top spectrum) and implanted and annealed (bottom) pellet are shown in figure 4(b) . The peaks observed in the two spectra have the same shapes as luminescence. In a previous work where β-Ga 2 O 3 nanowires were doped with europium through a diffusion process, a discussion of the luminescence of several Eu 3+ centers, in [14] . This supports the idea that the peaks observed after annealing in the present work correspond to this luminescence center and that no other phases or aggregates were formed during the implantation and annealing processes. XRD measurements (not shown) have been performed and the observed peaks were associated with either gallium oxide (JCPDS 00-041-1103) or the silicon substrate. No peaks related to complexes that include Eu were found, further supporting the idea that the luminescence peaks correspond to Eu 3+ within the monoclinic gallium oxide host.
The broadening of the peaks before annealing can be explained as follows. The positions of the rare earth 4f electronic energy levels, responsible for the luminescence peaks, are almost independent of the local crystal field due to the screening by the filled 5s 2 5p 6 outer electron shells [23] . However, in spite of this screening, a weak interaction is still present and slight energy shifts of the peaks occur when the local crystal field is modified due to the presence of defects. In our case, the severe damage created by the ion implantation creates an inhomogeneous environment for the ions. Therefore, the broadening of the rare earth luminescence peaks before annealing is explained by the implantation damage. After annealing, sharpening of the lines is due to the lattice recovery that results in almost identical site symmetry for most of the Eu 3+ ions. A consequence of this result is that the Eu 3+ luminescence peaks can be used as a probe to monitor the recovery of the lattice disorder in nanowires during postimplant annealing.
The high interest in ultraviolet emission devices motivates the study of Gd implantation in semiconductor oxide nanostructures. Its characteristic intraionic transition 6 P 7/2 -8 S 7/2 at 3.96 eV lies beyond the band gap of common semiconductor oxides, such as ZnO. For this reason, GeO 2 and β-Ga 2 O 3 are expected to be suitable hosts in order to get UV luminescence from the Gd ions. Figure 5 shows the CL spectra of Gd implanted GeO 2 acquired at T = 100 K ( figure 5(a) ) and at room temperature ( figure 5 (b) ). The characteristic Gd 3+ 6 P 7/2 -8 S 7/2 intraionic transition is observed only at low temperature (see the inset in figure 5(a) ), but cannot be observed at room temperature. It should be noticed that for Eu implanted GeO 2 (see figure 3) , the Eu 3+ 5 D 0 -7 F 2 luminescence peak was observed at room temperature, but scarcely at T = 100 K, because of the defect band in the same energy range. Gd emission at low temperature is clearly identified, but its efficiency in GeO 2 is not high enough to be measured at room temperature. These results suggest a different interaction process between the electronic levels involved in the excitation and de-excitation of the two rare earth ions within the GeO 2 matrix. Figure 6 (top spectrum) shows the CL spectrum from the β-Ga 2 O 3 nanowires shown in figure 1(b) , implanted with Gd at a fluence of 5 × 10 15 cm −2 and energy of 150 keV and annealed at 700
• C. They present an intense peak centered at 313 nm, due to the Gd spectrum from undoped nanowires is also shown in figure 6 (bottom spectrum). The emission observed in the undoped nanowires is the characteristic β-Ga 2 O 3 band associated with oxygen vacancies [24, 25] . This intrinsic defect band is also observed in the Gd implanted nanowires, but it appears broader and with additional components at longer wavelengths.
Although significant Gd 3+ related luminescence in β-Ga 2 O 3 nanostructures was observed at room temperature, the CL intensity was not very high. Hence, in order to further discuss the influence of the implantation on the luminescence of the β-Ga 2 O 3 nanowires observed in figure 6 , a CL study from Gd implanted and annealed polycrystalline pellets has also been performed. Figure 7 (a) presents the CL spectra acquired at different acceleration voltages (V acc ) from a Gd implanted β-Ga 2 O 3 pellet in the same conditions as the nanowires shown above, but annealed at 500
• C. It is clearly observed that at low voltages, V acc = 2-3 kV, the Gd 3+ related 313 nm luminescence peak completely dominates the spectrum and the β-Ga 2 O 3 intrinsic defect band is hardly observed. On the other hand, at a higher voltage, V acc = 5 kV, the defect Figure 6 . Room temperature CL spectra acquired at V acc = 5 kV from undoped nanowires (bottom spectrum) and Gd implanted nanowires annealed at 700
• C (top spectrum).
band acquires an intensity similar to that of the Gd 3+ peak. These results can be explained by the dependence of CL signal generation volume on the acceleration beam voltage.
Simulations for the penetration profiles of the implanted ions and the accelerated electrons have been performed with TRIM [5] and CASINO [26] software, respectively, both based on Monte Carlo calculations. Finally, it is well known that the lattice recovery and optical activation of implanted optically active ions strongly depends on the annealing temperature [27] . Hence, we have studied the influence of the annealing temperature on the CL spectra of Gd implanted β-Ga 2 O 3 samples. CL spectra from samples annealed at 500, 700 and 1100
• C acquired at 2 kV with low excitation density conditions are shown in figure 7(c). Two relevant facts can be deduced from the CL spectra. Firstly, the Gd 3+ line intensity is the only emission for low annealing temperature (500
• C) and a complete quenching of the native defects band is observed. It should be noticed that no CL emission was observed in the as-implanted samples, hence the low temperature annealing activates the RE emission. Secondly, a higher relative intensity of the β-Ga 2 O 3 defect band with respect to the Gd 3+ peak is obtained when the annealing temperature is increased. In Figure 7 . (a) Normalized room temperature CL spectra from a Gd implanted gallium oxide pellet annealed at 500
• C at three different acceleration voltages. (b) TRIM simulation (bottom) for the penetration depth of the Gd implanted ions. CASINO simulation (top) for the penetration depth of the electron beam at V acc = 5 kV, V acc = 3 kV and V acc = 2 kV. (c) Normalized CL spectra acquired at V acc = 2 keV and low excitation density conditions from Gd implanted gallium oxide pellets annealed at the three temperatures 500, 700 and 1100
• C.
addition, the shape of the CL defect band changes with the annealing temperature. In particular, the defect band obtained for the sample annealed at 700
• C is shifted toward lower energies and does not correspond to the characteristic intrinsic β-Ga 2 O 3 defect band. This emission is rather related to the complex, longer wavelength bands of Gd implanted and 700
• C annealed nanowires, shown in figure 6 . At T ann = 1100
• C, at which a higher lattice recovery takes place, the CL spectrum is dominated by the characteristic gallium oxide intrinsic defect band. Therefore, the lack of the gallium oxide native defects band at low annealing temperatures can be interpreted as quenching of the radiative transitions of the native intrinsic defects due to the implantation induced defects, which are not removed at such low annealing temperatures. The shifted broad band observed in both the nanowires and the polycrystalline pellet that were annealed at 700
• C can therefore be associated with the defects created during implantation that are still present after the partial lattice recovery.
Summary
Summarizing, we have demonstrated effective rare earth doping of β-Ga 2 O 3 and GeO 2 micro-and nanostructures by ion implantation. The characteristic red Eu 3+ emission lines have been observed in both host materials even at room temperature. Ultraviolet Gd 3+ emission was also observed at room temperature in β-Ga 2 O 3 nanowires, while it could only be seen at low temperatures for the case of GeO 2 nanowires. A strong influence of the annealing treatments on the luminescence spectra after ion implantation is observed. Eu 3+ luminescence lines are observed in as-implanted samples, but sharpening of the peaks is observed after annealing implanted gallium oxide structures, which is attributed to the lattice recovery. After annealing, the Gd 3+ UV related line is observed in GeO 2 at low temperatures and in β-Ga 2 O 3 up to room temperature. Optical activation of the rare earth is obtained at 500
• C in both materials. For annealing at this low temperature the gallium oxide intrinsic defect band is quenched. After annealing at 1100
• C the intrinsic defect band is recovered.
